INTRODUCTION
The problem of calculation of the capacitance per unit length of lines with multilayer medium has been evidenced in both theory and practice. When designing lines and cables with multilayer medium of different geometry, one should often be well acquainted with most accurate values of the capacitance per unit length. Calculation of the capacitance per unit length of lines with multilayer medium can be performed using various analytical and numerical methods such us the Charge Simulation Method (CSM), Finite Element Method (FEM), Equivalent Electrode Method (EEM) [1] [2] [3] [4] [5] [6] [7] , etc. All these methods, offering different degrees of precision, give results with satisfying accuracy, but also require extensive mathematical work. This is a serious drawback and difficulty that engineers encounter in practice. They are commonly very restricted in terms of time and conditions for comprehensive numerical calculations. The aim of this paper is to provide a review of the applications of different methods for calculation of the capacitance of multilayer lines with a rectangular cross section and to propose a simple procedure for approximate, but sufficiently exact, calculation of capacitance per unit length. This review will be also of great help to PhD students who can use this analysis in research as well as in practice.
LINES WITH ONE LAYER MEDIUM
The capacitance per unit length of lines with one layer perfect dielectric medium is proportional to the permittivity and can be expressed in general as
where g ′ is the coefficient of proportionality which depends on the shape, dimension and mutual position of the electrodes. 
where K(k) is the complete elliptic integral of the first kind with modulus k ,
and complementary modulus k [7] [8] [9] . p is the connection with geometry of electrodes,
In order to calculate the approximate values of the ratio Fig. 2 , the following simple formula can be applied [10] 
Besides expression (2) for the calculation of g ′ , the expression given in [11] can also be used In the case of the coaxial line with circular inner conductor and square outer conductor, Fig. 3 , the coefficient of proportionality is [11] g ′ ≈ 2π ln 1.079 a 2r .
The values of the coefficient of the proportionality, g ′ , in the case of a two wire line with a rectangular cross section, Fig. 4 , for different ratios of d/a are presented in Table 2 and Fig. 5 . The presented results are obtained using the Charge Simulation Method [12] , Finite Element Method (Software package Femlab), Modified Equivalent Source Method (MESM) [5] and approximate analytical expression (8) which can be used with satisfying accuracy when d ≫ a [11] ,
After the capacitance is determined, admittance per unit length of the line having one layer perfect dielectric medium is
In the imperfect, linear medium with permittivity ε and conductivity σ not only conductive currents, but also displacement currents can flow [16] , so the first Maxwell's equation can be expressed as
where: σ is complex conductivity, σ = σ + jωε ; ε is complex permittivity, ε = ε 1 − j ωc ω and ω c = σ/ε is angular frequency when densities of conductive current and displacement current are equal. E and H are the complex vectors of electrical and magnetic field strength. Fig. 4 d If the real value of permittivity in (9) is replaced with the complex value, the admitance per unit length of the line having one layer imperfect dielectric medium is
where
LINES WITH TWO LAYER MEDIUM
In the case of the line with two layer perfect dielectric medium, Figs. 6a and 6b (the electrodes are in different layers of multilayer dielectric line), the capacitance per unit length can be determined by using approximate expression (12), Appendix B,
where g ′ 12 and g ′ 23 are coefficients of the proportionality of the lines which are formed by the existing electrode and the electrode's shield coinciding with separation surface S , and g ′ 13 is a coefficient of proportionality of the line when ε 1 = ε 2 ,
1
(13) The suggested expression (12) is exact when the surface of separation S is of uniform potential. However, it is useful as a very good approximation in the case when the potential on the surface of separation is not uniform.
The effective permittivity can be calculated as
and depends on the electric characteristics of the existing layers, conductor's shape and their mutual position. Exceptions are lines having electrodes symmetric in relation to the surface of separation of dielectric layers, where g
As layers inside the line are imperfect, the admittance per unit length, Y ′ , is approximately
where:
, σ 1 = σ 1 + jωε 1 and σ 2 = σ 2 + jωε 2 . σ e and ε e are effective permittivity and effective conductivity, respectively.
If the lines with two layer imperfect dielectric medium are treated as lines with one layer imperfect dielectric medium, complex effective conductivity is
where 
In the case when two layer perfect dielectric medium exists, but the electrodes are in the same layer, Fig. 7 , the capacitance per unit length can be determined by using approximate expression (24),
where g ′ and g ′ 1 are coefficients of proportionality
When the approximate capacitance is calculated using (24), it is possible to determine the effective permittivity as
(25)
As the layers of the lines are imperfect the admittance per unit length is approximately
In this case dielectric complex effective conductivity is:
(28)
THE LINE WITH THREE LAYER MEDIUM
In the case of the line with three layer perfect dielectric medium, such as a two wire line having a rectangular cross section (Fig. 9) , the approximate expression for calculation of the capacitance per unit length and effective permittivity are
34
(29) and
where g 
EXAMPLES
The application of the proposed approximate expressions (12), (24), and (29) will be illustrated through several examples and the results obtained will be compared with results obtained by using different numerical techniques. Table 3 .
Coefficients of proportionality g Effective permittivity of square coaxial line with three layer dielectric medium (Fig. 10b ) for different ratios a 3 /a 2 and a 2 /a 1 = 2 , a 4 /a 2 = 4 Example 2. The dependency of effective permittivity of a rectangular coaxial line with two layer perfect dielectric medium against the ratio ε 2 /ε 1 for the different ratios a/b , a/b = a 1 /b 1 = a 2 /b 2 and a 1 /a = a 2 /a 1 = 2 is shown in Fig. 13 . The coefficients of proportionality g ′ 12 , g ′ 23 and g ′ 13 are determined using EEM. Also, the coefficients of proportionality can be determined using the analytical expressions given in [11] . For example, for the rectangular coaxial line presented in Fig. 14 expression (31) is suggested .
The results for effective permittivity of the coaxial line obtained using expressions (12) and (14) are compared with results obtained using FEM [Software package FEMM] in Table 4 . 
Eq. (29) (7) and (2) respectively. The comparison of the results for effective permittivity of the coaxial line, obtained using expressions (12) and (14) and using FEM (Software package FEMM) is presented in Table 5 . [17, 18] are used, and some simple equations are proposed which permit an approximate, but sufficiently accurate, evaluation of the capacitances. Expressions for effective permittivity and conductivity are also suggested. The proposed expressions (12) , (24) and (29) are postulated and their validity is then tested against several characteristic examples. A very good agreement between obtained results is demonstrated. It is worth mentioning, moreover, that the expressions are always exact in cases of one layer medium, in cases when the surface of separation of the existing layer is of uniform potential as well as in cases when permittivity of one layer has a high value and this medium behaves as a conductive medium. The proposed expressions can simplify the solving of problems as and when they present, and represent a useful tool in everyday engineering practice.
APPENDIX A

A.1 Equivalent Electrode Method Application
The basic idea of the method [3, 4] is that an arbitrarily shaped electrode can be replaced by a finite system of the equivalent electrodes (EE) located on the body surface. The radius of EE is equal to the equivalent radius of electrode part which it substitutes. Also, the potential and charge of EE and of the real electrode part are equal. So, it is possible using the boundary condition that the electrode is equipotential, and forms a system of linear equations with charge densities of EE as unknowns. After solving this system, unknown charge densities are determined and any other quantity of interest can be easily calculated in a standard way.
In the case when the system has several electrodes, or when a multilayer medium exists, it is convenient to use Green's functions for some electrodes or for a stratified medium. In the case of a square coaxial line Fig. A1 the interior electrode is replaced by N cylindrical EE, with a circular cross section having the radius a e1 , charged by line charge per unit length q ′ n , n = 1, 2, . . . , N . The radius of the EE is equal to the equivalent radius of the electrode part which it substitutes, in this case thin flat strip conductor, a e1 = ∆x 1 /4 = a/4N .
The position of these EE are x = ±x n , y = ±y n ,
In a similar way, the shield is replaced by M cylindrical conductors (EE), of circular cross section having the radius a e2 = ∆x 2 /4 = b/4M , charged by q
The axes of these EE are x = ±x m , y = ±y m , So, the total number of the EE accordingly unknown charges having to be determined is N +M . Using the condition that equivalent electrodes have the same potential as the electrodes they represent, ϕ 1 and ϕ 2 , ϕ 1 −ϕ 2 = U , system of linear equations are obtained After solving linear equation (A5-A7) the unknown line charges of the EE are determined and the capacitance per unit length can be calculated as
This expression is formed according to the expression (B4) and firstly, we can check its accuracy in example of a two wire line above infinite dielectrical surface presented in Fig. B1 , for which analytical expression exists
In this case the coefficients of proportionality g ′ and g (B7) Expression (29) proposed for the example of the line with three layer perfect dielectric medium, Fig. 9 is obtained similarly as expressions (B4) and (B5).
